We simulate accumulation of AleO3 particles in the atmosphere produced by solid-fueled rocket motors by using the Goddard Institute for Space 
Since these studies, the question has been raised concerning whether or not alumina emissions could lead to an additional ozone depletion. Alumina particles could promote chlorine activation via the following reaction: (R1) ClON02 + HC1 • C12 + HN03
with the relatively large temperature-independent reaction probability of 0.02 [Molina et al., 1997] . Since the reaction probability of (R1) on background sulfate aerosol is at least an order of magnitude smaller at typical midlatitude lower stratospheric temperatures, it is important to check the possible chemical implications of (R1) for the ozone layer due to accumulation of alumina particles in the stratosphere from the SRM flights.
Jackman et al. [1998] , using the Goddard Space Flight Center (GSFC) two-dimensional (2-D) model, found that reaction (R1) on A1203 particles could deplete globally and annually averaged O3 column by 0.01% (or by a factor of 2 less than that caused by chlorine emissions) for nine space shuttle and three Titan IV launches annually. They used a trimodal alumina particle distribution similar to that of Brady and Martin [1995] and simplified the gravitational sedimentation, accounting for it for each mode mean radius only.
Our study advances the previous work [Jackman et al., 1998 ] by calculating the accumulation of alumina ticles for stratospheric ozone via reaction (R1) by using the atmospheric and Environmental Research (AER) 2-D model [Weisenstein et al., 1998 ].
The structure of the paper is as follows. Section 2 discusses the emission scenario for the SRM launches, the assumed initial size distributions of alumina particles, and processes affecting their distribution in the atmosphere. Section 3 presents results for the alumina particle accumulation in the atmosphere, while section 4 discusses chemical implications of the atmospheric alumina for the ozone balance. The last section summarizes our results and outlines existing uncertainties regarding the potential role of solid particles on stratospheric ozone.
Model Representation of A1203 Emissions by SRMs

Emission Scenarios and Sensitivity Tests
The annual source of the A1203 particles from SRMs considered in this study includes nine space shuttle and four Titan IV launches from Cape Canaveral, Florida (29øN, 80øW). These launches deposit 3.9 kt/yr of alumina in the atmosphere, of which 1.12 kt/yr (900 and 220 t/yr from space shuttle and Titan IV, respectively) are deposited directly to the stratosphere (i.e., above 15 km) with the vertical distribution shown in Table 1 . The Titan IV has a higher-altitude burn profile than the space shuttle. This scenario, usually used by the atmospheric modeling community [WMO, 1992] , overestimates by 30% the actual SRM emissions during the last decade when the averaged annual rate was of 6.4 space shuttle and 2.2 Titan IV launches. We will show below that our results can be linearly scaled for the current or future launch scenarios. The tropospheric part (i.e., below 15 km) of the alumina emissions is not included in the calculations.
Since we assume that alumina particles in the troposphere are removed by washout, tropospheric emissions cannot effectively penetrate to the stratosphere and accumulate there. Thus omission of the tropospheric alumina emissions will not affect our results.
In this study, the stratospheric emissions are assumed to be uniform throughout the year. To check whether or not this simplification could affect our results, we performed an additional sensitivity test by using a passive tracer with a source having a spatial distribution similar to that of the SRM fuel. In this test, we compare a pulsed emission injected every 40 days versus a uniform emission over the year with the same annual source strength. The difference between the two resulting tracer distributions on the monthly zonal mean concentrations (not shown here) is rather small (typically, less than 10%), justifying the uniform emission approach.
In this study, we assume that alumina particles do not interact with each other. This assumption provides an upper bound of the A1203 particle accumulation, here n(r) is the alumina particle distribution (in particles/(cm 3 pm) at radius r (in microns). In our 13-bin size distribution used in this study, the distribution in the first five bins is defined by the small mode; the next three bins, the medium mode; and the last five bins, the large mode. Equation (1) is mentioned by Beiting [1997] , who parameterized the observed alumina particles by a trimodal distribution. The lognormal distribution of Belting [1997] allows an overlap between the modes. We assume no overlap between different modes and switch from one to another ni and ri going between these modes. One can uniquely define the size distribution of alumina particles once their total concentration is given and the nl/n2 and n2/n3 ratios are known. In this study we apply nl/n2 -46,500 and n2/n3 -10.3 according to Belting [1997] . Assuming that the density of alumina particles is size independent, the mass partitioning between small (0.025 _< r < 0.25 pm), medium (0.25 _< r < 1 pm), and large (r > 1 pm) modes is 1.1%, 1.7%, and 97.2%, respectively. The fourth column in Table 2 reflects this mass partitioning according to radius. In section 3 we discuss the importance of the size distribution for our results. Normalizing this size distribution by the total alumina mass emitted to the stratosphere per year (S-1.12 kt/yr) and knowing the assumed size distribution and density of alumina particles (p -1.7 g/cm3), one can find the source func- A simple measure of the alumina particle accumulation in the atmosphere is its total burden. Results of the 3-D CTM calculations are presented in the third column of Table 3 Table 2 .
SAD than larger particles for the same amount of mass. Table 2 Table 2 and is in a good agreement with the results shown at the bottom of the last column in Table 2 . Our study does not include sources of alumina such as meteorites or deorbiting spacecraft. The impact of the alumina particles from meteorites and orbital debris is poorly known, deserves a special study, and is beyond the scope of this paper.
Ozone Response to Alumina
Summarizing our results, we conclude that the fractionation of the SRM alumina particles emitted and their reactivity are the most important parameters for calculating ozone impacts, and they are currently very poorly understood. Our results show that for such small ozone perturbations, the global-averaged ozone depletion can be linearly scaled with the accumulated alumina SAD. On the basis of current knowledge, we conclude that the environmental impact of alumina emissions in the stratosphere is small on the global scale for the present SRM launch frequency. This issue should be revisited if further research discovers the existence of faster ozone-depleting reactions on alumina surfaces or finds that most of the alumina is emitted in the range 0.01-0.1 pro. Large increases in the SRM launch frequency might also warrant additional impact studies.
